Objectives: To evaluate the association between multiple complications and postoperative outcomes and to assess which complications occur together in patients with multiple complications. Background: Patients who suffer multiple complications have increased risk of prolonged hospital stay and mortality. However, little is known about what places patients at risk for multiple complications or which complications tend to occur in these patients. Methods: Surgical patients were identified from the American College of Surgeons National Quality Improvement Program (ACS NSQIP) database from 2005 to 2011. The frequency of postoperative complications was assessed. Patients with less than two complications were compared with patients who had multiple complications using x 2 and logistic regression analysis. Relationships among postoperative complications were explored by learning a Bayesian network model. Results: The study population consisted of 470,108 general surgery patients. The overall complication rate was 15% with multiple complications in 27,032 (6%) patients. Patients with multiple complications had worse postoperative outcomes (P < 0.001). The strongest predictors for developing multiple complications were admission from chronic care facility or nursing home, dependent functional status, and higher American Society of Anesthesiologist Physical Status classification. In patients with multiple complications, the most common complication was sepsis (42%), followed by failure to wean ventilator (31%), and organ space surgical site infection (27%). We found that severe complications were most strongly associated with development of multiple complications. Using a Bayesian network, we were able to identify how strongly associated specific complications were in patients who developed multiple complications. Conclusions: Almost half (40%) of patients with complications suffer multiple complications. Patient factors such as frailty and comorbidity strongly predict the development of multiple complications. The results of our Bayesian analysis identify targets for interventions aimed at disrupting the cascade of multiple complications in high-risk patients.
P ostoperative complications are common, occurring in up to 40% of general surgery patients. [1] [2] [3] [4] [5] [6] Many studies have evaluated predictors of complication development, which include measures of poor overall health such as older age, dependent functional status, American Society of Anesthesiologist Physical Status (ASA) classification, and frailty. 1, [6] [7] [8] [9] [10] Not surprisingly, complications have been found to be associated with poor postoperative outcomes. The development of complications has been found to be associated with longer hospital length of stay, increased risk of mortality, discharge to higher level of care, and increased risk for readmission. 1, [11] [12] [13] [14] [15] Although much is known about predictors of postoperative complications and consequences of individual complications, little is known about the development of multiple complications.
In a study of colorectal surgery patients from the SEER Medicare database, Morris et al 12 noted multiple complications requiring operative intervention to be rare (0.4%). Although this study did not assess predictors of developing multiple complications, the authors did find an increased risk of prolonged length of hospital stay (RR 2.8, 95% CI 2.3-3.2) and postoperative mortality (RR 7.2, 95% CI 5.1-9.7) in patients who developed two or more complications. An evaluation of the American College of Surgeons National Quality Improvement Program (ACS NSQIP) data by Strasberg and Hall 3 found an incidence of multiple complications at 5%. The authors did not further evaluate risk factors for the development of two or more complications or assess outcomes associated with multiple complications.
Anecdotally, we noted that some patients develop 1 complication and recover, although other patients develop 1 complication after another and have poor outcomes. Therefore, we sought to further evaluate multiple complications in general surgery patients. Our specific aims were to: (1) assess the prevalence of multiple complications in general surgery patients, (2) evaluate postoperative outcomes in patients who develop two or more complications, (3) identify predictors for the development of multiple postoperative complications, and (4) categorize which complications occur in patients who suffer from two or more complications, including identification of co-occurrence relationships between complications.
METHODS
General surgery patients were identified from the ACS NSQIP database from 2005 to 2011. The ACS NSQIP database prospectively collects in hospital and 30 day outcomes data on surgical patients from over 370 hospitals nationwide. Patients were included in this study if they underwent inpatient general surgery procedures, defined by NSQIP as the surgical specialty of the primary surgeon. Patients who underwent emergent or outpatient procedures were excluded from this study.
Explanatory variables included the following patient characteristics: age, sex, race, level of care before hospital admission (home, chronic care, acute care), and body mass index (BMI). The following preoperative comorbidities, as defined by ACS NSQIP, were examined: weight loss, diabetes, smoking status, alcohol use, dyspnea, functional status, chronic obstructive pulmonary disease (COPD), hypertension, history of stroke, cancer, steroid use, and bleeding disorder. Examined operative factors included operation within previous 30 days, wound classification, ASA classification, intraoperative transfusion, and operative time. Wound class included clean, clean contaminated, contaminated, and dirty.
Patients were divided into those who suffered two or more complications and those who had zero or 1 postoperative complication. Complications included all reported ACS NSQIP complications. Additional outcomes measured were hospital length of stay, 30 day mortality, and work related relative value units (RVUs) as reported by ACS NSQIP.
Descriptive statistics were used to characterize the patients who suffered two or more postoperative complications. x 2 analysis was used to compare patients who had two complications or more with patients who suffered less than two complications in terms of length of stay, mortality, and work related RVUs. x 2 analysis and multivariate logistic regression analysis were used to identify independent predictors of developing two complications or more. In addition, the frequency of each complication was evaluated in patients with multiple complications. In an effort to identify high-risk complications, x 2 analysis was used to evaluate the association between each complication and the development of two or more complications. All of the above statistics were carried out in SPSS version 22. P values < 0.05 were considered significant.
We then used machine learning to further investigate which postoperative complications occur together. To investigate interactions among specific postoperative complications, we applied a Bayesian network to patients with multiple complications. A Bayesian network is a graphical representation of a joint probability distribution. The network structure was determined using the Chow-Liu algorithm 16 implemented in the R (version 3.1.0) library ''bnlearn'' (version 3.5). Each postoperative complication for each patient was predicted in association with all other postoperative complications using the Bayesian network.
To determine which relationships between complications were most significant, we carried out a second analysis in which the risk level of each patient for each complication was inferred using the likelihood that the patient had other postoperative complications. For example, we would query the model to determine the likelihood that a patient experiences postoperative pneumonia given the knowledge that they experienced both cardiac arrest and deep vein thrombosis, but no other complications.
RESULTS
The ACS NSQIP database contained 957,813 general surgery cases over this 6 year period of time. As demonstrated in Figure 1 , the study population consisted of 470,108 patients after exclusion criteria were applied. Approximately 71,000 (15%) patients in the study suffered at least 1 complication, although 6% of patients suffered multiple complications. Figure 2 demonstrates short-term postoperative outcomes in relation to the number of postoperative complications. Patients with multiple complications were found to have a mean length of stay of 21 days as compared with 10 days in patients with 1 complication and 5 days in patients without complications (P < 0.001). A similar trend was noted in 30 day mortality with an increase in mortality rates from 0.4% to 13% in patients with no complications and multiple complications (P < 0.001). Patients with multiple complications also required heavier physician workloads, as represented by increased work related RVUs, compared with patients who did not suffer multiple complications (P < 0.001). Figure 3 demonstrates the proportion of patients who developed a given number of complications. When evaluating patients with multiple complications, we found that half of these patients developed two complications, although over one-third had three to four complications. Thirty one patients in the study developed ten or more postoperative complications.
We evaluated patient characteristics, preoperative comorbidities, and operative variables in association with multiple complications. Results of the univariate analysis are demonstrated in Table 1 . All assessed explanatory variables were found to be significantly associated with development of multiple complications. Table 2 lists independent predictors of multiple complications. The patient factors that strongly predicted the development of multiple complications were admission from location other than home, dependent functional status, and higher ASA classification. These results suggest that patients who are more frail preoperatively are at highest risk for developing multiple complications. Table 3 demonstrates each complication, how frequently each complication occurred in patients with multiple complications, and the risk of developing multiple complications given the complication of interest. Serious complications such as sepsis, failure to wean ventilator, and reintubation occurred commonly among patients with multiple complications and were associated with high rates of multiple complication development. Specifically, Table 3 shows that 42% of patients with multiple complications experienced sepsis although 81% of patients with sepsis experienced multiple complications. Similarly, 31% of patients with multiple complications had ''failure to wean ventilator'' as a complication, although 88% with failure to wean experienced multiple complications. A less common complication, such as coma, occurred only 1% of time in patients with multiple complications but 94% of the time coma was present with multiple complications. This analysis demonstrates that serious complications are more likely to occur in the setting of multiple complications. Interestingly, the analysis also demonstrates that less severe complications are more likely to occur in isolation. For example, 22% of patients with multiple complications experienced a superficial surgical site infection. However, only 29% of patients with superficial surgical site infection (SSI) experienced multiple Figure 4 . Each node in the figure represents a complication and the arrows represent direct relationships among complications. The arrows do not however imply a direction of causality or temporal dependence between complications. Figure 4 also demonstrates how closely related each complication is to the surrounding complications. Complications highlighted in red or orange are more strongly associated with adjacent complications, although complications in purple or black are more weakly associated with surrounding complications. The complication with the strongest associations is weaning failure, followed by sepsis, reintubation and septic shock. In general more severe complications were more strongly related to other complications.
DISCUSSION
We sought to characterize multiple complications in general surgery patients, identify risk factors for the development of multiple complications, and assess the effect of two complications or more on postoperative outcomes. We found multiple complications to occur in 6% of nonemergent general surgery patients. The development of more than two postoperative complications was found to be associated with longer length of hospital stay, increased mortality at 30 days, and increased work related RVUs. We also developed a Bayesian network demonstrating the relationships among complications in patients who develop multiple complications.
Previous studies have demonstrated an association between poor overall health, demonstrated by high ASA classification, dependent functional status, or frailty, and risk for postoperative complications. 1,6 -10, 15 We found similar factors to predict the development of multiple complications, including dependent functional status, ASA classification, and admission from facility other than home. These patient factors are likely markers for patient frailty and it is not surprising that patients who are more frail preoperatively are more likely to develop a cascade of complications in the postoperative period. Although others have described frailty as a predictor of poor surgical outcomes, the relationship between patient comorbidity and the development of multiple complications has not been well described.
Postoperative complications have been shown to correlate with poor outcomes including increased mortality, discharge to higher level of care, and higher risk for readmission. 1, [11] [12] [13] Not surprisingly, we found worse outcomes in patients who developed two or more complications compared with patients who developed zero or 1 complication. Patients with multiple complications had longer length of stay and increased work related RVUs as compared with patients who developed zero or 1 complication. We identified an over 4-fold increase in mortality with patients who had multiple complications as compared with 0-1 complications. Further work is needed to evaluate failure to rescue in patients with multiple complications. We theorize there is a snowball effect with postoperative complications and hope to identify ways to intervene to halt the cascade of complications in high-risk surgical patients in our future work.
Multiple complications have previously been described to occur in 0.4%-5% of general surgery patients. 3, 12 Morris et al 12 assessed colon cancer patients who had surgery and found an overall reoperation rate of 5.8% with 0.4% of patients suffering two or more postoperative complications requiring reoperation. This rate is much lower than the rate of multiple complications (6%) we identified in the ACS NSQIP database. Although the authors did not evaluate risk factors for developing multiple complications, they did find multiple complications to be associated with increased mortality (RR 7.2, 95% CI 5.1-9.7) and prolonged length of stay (RR 2.8, 95% CI 2.3-3.2). 12 Morris et al 12 only included complications that required reoperation, which explains the very low overall complication rate and multiple complication rate described in the study. Other differences between this study and our study include the patient population and data source, Morris et al 12 evaluated colon cancer patients from the SEER Medicare database although we assessed all general surgery patients from the ACS NSQIP database. A study by Strasberg and Hall 3 evaluated patients who underwent 5 common abdominal procedures in the ACS NSQIP database. They found the rate of multiple complications to be 5% in that patient population, which more closely resembles our results. Their study did not assess risk factors for multiple complications or the effect of multiple complications on postoperative outcomes.
We found that 38% of patients who developed complications suffered from two or more complications. We also evaluated which complications were most likely to be associated with the development of two or more complications and found that more severe Although we believe that our evaluation of complications by complication type is appropriate and more specific than the Clavien Dindo system in the context of this study, we acknowledge the need for future work that can better assess the severity of complications as complication severity may ultimately be predictive for the development of multiple complications and adverse outcomes in this patient population.
In future studies, we plan to assess multiple complications in surgical subspecialties to identify how multiple complication rates and the relationships between complications differ based on type of operation. We also plan to use machine learning to better understand temporal patterns of complication development. Our ultimate goal is to identify high-risk patients and intervene in an effort to avoid the development of multiple complications and subsequent poor outcomes in these patients.
This study has limitations inherent to a retrospective analysis. The complications assessed in this study were those defined by ACS NSQIP. The complication rates in this study are likely an underestimate of actual complication rates as ACS NSQIP does not capture all postoperative complications. Similarly, as patients in the ACS NSQIP national database are not identifiable, we were unable to assess other potential risk factors for developing multiple complications or other postoperative outcomes of interest. The use of the ACS NSQIP database also provides some benefits which strengthen our study. The data are collected in a prospective manner by trained surgical clinical reviewers, complications are strictly defined in the database, and the national database has a large patient population which allows us to assess the less than 10% of patients who develop multiple complications. Despite the limitations of using ACS NSQIP data, we believe this study outlines the impact of multiple complications on patient outcomes and is an important first step in understanding this high-risk group of patients.
In summary, multiple complications are common in general surgery patients occurring in 40% of patients who develop complications. The development of two or more complications is associated with worse short-term postoperative outcomes. We found markers of patient frailty to be the strongest predictors for developing multiple complications in the postoperative period. We have also demonstrated how complications occur together in patients with multiple complications. The Bayesian model we have developed provides a framework for understanding which complications are likely to occur together postoperatively. Future studies outlining temporal relationships between complication development will provide targets for interventions aimed at preventing the cascade of multiple complications.
